We evaluated the roles of five single-nucleotide polymorphisms (SNPs) within PDCD1, and haplotypes defined by these SNPs, for the development of systemic lupus erythematosus (SLE) and specific sub-phenotypes (nephritis, antiphospholipid antibody positive, arthritis and double-stranded DNA positive) within a multiethnic US cohort of 1036 patients. Family based analyses were performed using 844 simplex families from four ethnic groups (Caucasian, Asian, Hispanic and African American). Subjects were genotyped for five 'tag' SNPs (selected from 15) to provide complete genetic information in all main ethnic groups. We employed transmission disequilibrium testing to assess risk for SLE by allele or haplotype, and multiple logistic regression analysis of SLE cases to examine associations with specific sub-phenotypes. In family based analyses, a haplotype containing the PD1.3A allele was significantly associated with SLE susceptibility among Caucasian families (P ¼ 0.01). Among Hispanic families, two novel SNPs were associated with SLE risk (P ¼ 0.005 and 0.01). In multivariate logistic regression analyses, five haplotypes were associated with specific sub-phenotypes among the different ethnic groups. These results suggest that PDCD1 genetic variation influences the risk and expression of SLE and that these associations vary according to ethnic background.
Introduction
Systemic lupus erythematosus (SLE) is one of the most clinically and serologically diverse of the chronic autoimmune diseases. Previous studies of patients with SLE have suggested a significant genetic component in the pathogenesis. Several genome-wide screens support the genetic hypothesis in human SLE, and have reported many susceptibility loci as reviewed by Tsao. 1 One of the regions demonstrating suggestive linkage is within the long arm of chromosome 2 at 2q37. 2 Further mapping of this region has identified a locus, SLEB2, involved in susceptibility to SLE. 3 The SLEB2 locus contains a candidate gene, PDCD1, which might provide the biological explanation for linkage at this locus. Nishimura et al., 4, 5 have demonstrated that disruption of the PDCD1 gene in mice leads to the development of a lupus-like syndrome, with the development of nephritis and arthritis as well as the production of IgG3 autoantibodies. 4, 5 The first human study identified an allelic variant in the PDCD1 gene that was associated with susceptibility to SLE in both European and Mexican family cohorts. 6 This variation involves a G to A change (PD1.3A/G) in intron 4 of the PDCD1 gene. 6 Further investigation of this gene variant has shown positive association in case-control analyses with lupus nephritis (LN) in two separate Swedish cohorts 7, 8 but not in a US cohort of European American descent. 7 Furthermore, a bi-ethnic (African American and European American) case-control cohort revealed a protective association of the PD1.3A allele with presence of antiphospholipid antibodies (APLAs). 9 This same cohort failed to show an association between PD1.3A and SLE susceptibility.
We have now analyzed 15 single-nucleotide polymorphisms (SNPs) within PDCD1 in order to: (i) determine allele and haplotype frequencies and haplotype structure of the gene and (ii) select a number of 'tag' SNPs that can be used for association studies with SLE and its sub-phenotypes in different ethnic populations. With the determination that five tag SNPs could informatively define the genetic structure of our multi-ethnic US cohort, we typed these five SNPs among our SLE simplex family cohort and performed transmission disequilibrium testing to evaluate association with SLE susceptibility. Finally, as genetic linkages among SLE cohorts often have been more striking when assessed according to specific clinical phenotype, 10 we further characterized the role of PDCD1 gene polymorphism by SLE clinical phenotypes. For these analyses, we conducted a nested case-control study within our multiethnic US cohort to evaluate the role of PDCD1 in the development of LN, APLA positivity, arthritis and double-stranded DNA (dsDNA) antibody positivity. We chose to focus on these specific phenotypes based on features of the mouse model in which PDCD1 is disrupted.
4,5

Results
Identification of tag SNPs and haplotype construction Within 10 kb containing the entire PDCD1 gene, we studied 15 SNPs for which we have determined allele frequencies in Swedish and Mexican population controls (Table 1 and Figure 1a ). Using the 'Tagger' routine of Haploview 3.2, we selected seven groups of SNPs with linkage disequilibrium (LD) of R 2 40.7 within each group and R 2 o0.7 between SNPs in different groups (Table 2) . SNP PD1.9 (Tag group 5, Table 2 ) was excluded because it defined the same haplotype as SNPs PD1.5T and PD1.6A together and was difficult to genotype (by sequencing). Assays C_56215 and C_56216 (Tag group 7 in Table 2 ) were excluded because they defined a very rare haplotype with a frequency of o2% in all populations. Therefore, by using only five 'tag' SNPs, we could obtain similar information about all haplotypes as we could with 15 SNPs (Figure 1b) . From each of the groups having similar 'tag' SNPs, we selected one SNP that was the most convenient for genotyping. The five 'tag' SNPs and the six corresponding haplotypes with frequencies 42% are presented in Table 3 .
Of note, Haplotype 5 shows an interesting gradient of frequency in unaffected individuals, from 63% in Mexican Amerindians (Mazateco area in the State of Guerrero kindly provided by Dr Julio Granados Arriola) to 49% in Chinese, 11 30% in Mexicans, 6 19% in Hispanics, 5% in African Americans and 1% in Europeans (current data).
LD patterns and blocks in the PDCD1 gene As we have established, five SNPs within 10 kb of the PDCD1 gene are needed to detect six major haplotypes in any population studied (Caucasian, African American, Asian or Hispanic) (see Figure 2 ). This means that LD blocks in the PDCD1 gene are very short, only 1-2 kb each, and that a very dense SNP map would be needed in this region to detect a predisposing genetic variant.
Alleles and haplotypes of the PDCD1 gene in a large multi-ethnic group of SLE families Table 4 displays the demographic and clinical characteristics of the 1036 American SLE patients (from 1011 nuclear families). Our cohort was 90% female subjects and the ethnic breakdown was 61% Caucasian, 13% Hispanic, 13% Asian, 8% African American and 5% others, reflecting the San Francisco population demographics, where the majority of our cohort was sampled from. The percentages of patients with LN, dsDNA antibodies, APLAs and arthritis are comparable with those reported for other general SLE cohorts. [12] [13] [14] Table 5 presents the PDCD1 SNP minor allele and haplotype frequencies for the SLE patients by ethnic subgroup. These results reveal substantial ethnic variation in PDCD1 allele and haplotype frequencies. Both 4-marker and 5-marker haplotypes were evaluated. The 5-marker haplotypes include marker PD1.7, which was less effectively typed and, therefore, many cases or family members had missing data for this marker. For our ethnic subgroups with fewer family members typed for PD1.7, the related 4-marker haplotypes are reported instead.
Variants of PDCD1 and SLE risk: Family Based Association Tests We used the Family Based Association Tests (FBAT) software to evaluate individual PDCD1 SNPs and associated haplotypes with SLE susceptibility. Table 6 displays PDCD1 allelic and haplotypic associations with SLE. When all subjects were analyzed together irrespective of ethnic background, the haplotype that includes the minor allele, PD1.3A, was associated with susceptibility to SLE with borderline significance (P ¼ 0.05). This result probably is driven by the larger number of Caucasian families included. Evaluation of the Caucasian families separately showed the same result with a more significant P-value (P ¼ 0.01). The PD1.3A allele itself showed a trend toward association (P ¼ 0.08) among the Caucasian families. Among the Hispanic families, the SNPs PD1.7T (P ¼ 0.005) and PD1.6A (P ¼ 0.01), and the associated 4-marker haplotype including PD1.6A (P ¼ 0.07), were associated with SLE susceptibility. There were no statistically significant results among the Asian and African American families, but our power for these ethnic subgroups is limited and therefore we cannot rule out false negative results.
Variants of PDCD1 and clinical manifestations of SLE
We chose to evaluate associations between clinical subphenotypes and PDCD1 variants among all SLE cases regardless of the availability of family members, as that would allow for the largest possible sample size and therefore maximize our power for these analyses. Each clinical phenotype was characterized as a dependent bivariate variable. As the variables sex, age at diagnosis and disease duration were associated with one or more of the clinical outcomes (data not shown), separate logistic regression models for each ethnic group were created to characterize the association between each of the minor alleles (PD1.1A, PD1.3A, PD1.5T and PD1.6A) with the clinical phenotype, controlling for these variables. Similar logistic regression models were evaluated with the haplotypes included as a multiple categorical variable, with the referent haplotype containing all the major alleles.
There was no particular SNP that was consistently associated with one or more clinical outcomes across all ethnic groups (data not shown). Table 7 presents the statistically significant haplotypic associations with SLE clinical subtypes stratified by ethnic group. There were no allele-level associations that were not captured by the haplotypic associations, and in all cases, the haplotypic associations were stronger despite having less power to detect them. Notably, the PD1.3A allele and its associated haplotype were not associated with any clinical phenotype among any of the ethnic subgroups (data not shown).
Among Caucasians, Haplotype 3 (PD1.1G/PD1.3G/ PD1.5T/PD1.6G) was associated with the presence of APLAs (odds ratio (OR) ¼ 1.5, 95% confidence interval (CI): 1.09-2.06). Even though we had more than 90% power to detect an OR of 2.0 or greater among the Caucasian subgroup (n ¼ 628), no other haplotypes were associated with clinical outcomes in these patients.
The Hispanic subgroup of patients showed a protective association between Haplotype 4 (PD1.1G/PD1.3G/ PD1.5T/PD1.6A) and the presence of dsDNA antibodies (OR ¼ 0.37, CI: 0.16-0.84). Our Hispanic patients are predominantly of Mexican heritage. To our knowledge, this is the first association demonstrated between dsDNA antibodies and any PDCD1 variant among Mexicans.
The same Haplotype 4 was associated with the presence of APLAs among the African American patients (OR ¼ 3.49, CI: 1.04-11.74). As we have the fewest number of African American patients in our cohort, we had less than 50% power to detect associations with ORs smaller than 2.0. Thus, we cannot rule out the possibility that other haplotypes may have weaker associations with other clinical phenotypes among African Americans. 40.7), meaning that one SNP in each group can be used to represent the entire group. The first marker from each group was used because of genotyping convenience. Marker PD1.9 was omitted in current analyses because it defined the same haplotype as PD1.5 and PD1.6 together and was difficult to genotype (by sequencing). Haplogroup 7 defined by markers C_56215, C_56216 was infrequent (o2%) in all ethnic groups and was not analyzed further. 
Discussion
The PDCD1 PD1.3A allele has been associated with SLE susceptibility in Swedish, Mexican and European American cohorts, 6, 7 whereas it has been shown to be protective for SLE among a Spanish cohort, 15 and not associated with SLE susceptibility among a biethnic (African American and Caucasian) US cohort. 9 The PD1.3A allele has also been positively associated with susceptibility to LN among Swedish Europeans 7, 8 and negatively associated with APLA presence. 9 As it appears that PD1.3A does not explain all the PDCD1 associations in SLE, we evaluated additional polymorphisms within PDCD1 for susceptibility to SLE and clinical sub-phenotypes.
We have analyzed a total of 15 SNPs, covering on average one SNP per 670 bp of the PDCD1 gene. We examined the distribution of these SNPs and their haplotypes in several populations (data not shown). We find that the size of the LD blocks in PDCD1 is rather small (1-2 kb), suggesting that in order to identify susceptibility variants in this gene, a very dense SNP map is required. We also identified five SNPs that can provide non-redundant information about haplotypes in any population and can be used as 'tags' for association studies.
In the current study, using family-based association methods, we detected a weak association for the PD1.3A allele among European American families (P ¼ 0.08, dominant model; P ¼ 0.11, additive model). In addition, the 5-marker haplotype containing PD1.3A showed an even stronger association with SLE risk (P ¼ 0.01, additive model). The fact that we have not detected any other PDCD1 variation and SLE risk and expression CM Thorburn et al 283 associations indicates that there may be no other disease variants of similar frequency/relative risk within this gene in Europeans, but it does not exclude the possible existence of additional rare, weak and/or recessive mutations that we were not able to detect using the current data set. We can exclude PD1.3A as a significant disease variant in non-European populations because of its extreme rarity and acknowledge that additional studies will be needed to clarify the contribution of PDCD1 to disease in these populations using both families and case/control analyses. However, we did observe an association between two other PDCD1 SNPs (PD1.6A and PD1.7T) and SLE susceptibility among Hispanic families. To our knowledge this is a novel finding and should encourage others to evaluate these variants in Hispanic populations.
In our evaluation of PDCD1 and SLE sub-phenotypes, we have identified several haplotypic associations. Notably, Haplotype 5 containing the PD1.1A allele located in the promoter region of the gene (position À531 from the translation start) was much more frequent among the Asian American patients, and it conferred a protective effect for LN in this subgroup. This haplotype has also been recently demonstrated to be associated with decreased levels of tumor necrosis factor alpha. 16 Haplotype 4 was positively associated with arthritis among Asian Americans and with APLA among African American patients, whereas it was negatively associated with dsDNA antibodies among the Hispanic American patients. Among the Caucasian patients, Haplotype 3 was marginally associated with APLAs. These novel findings should be viewed as specific hypotheses to be confirmed in independent cohorts.
Although strengths of the current study include the ethnically diverse cohort and the relatively large number of non-Caucasians overall, we still had reduced power to detect genetic associations among the smaller ethnic subgroups and for the less frequent alleles/haplotypes. Another strength of the study is the family-based design, which minimizes problems with population admixture. PDCD1 variation and SLE risk and expression CM Thorburn et al
In conclusion, we have carefully evaluated 15 SNPs in the PDCD1 gene to further define its role in SLE risk and disease expression. The knowledge of haplotype structure in different populations allowed us to select five SNPs that can be used as 'tags' for association studies in any population. We have used these 'tags' to study a large multi-ethnic set of SLE families. We have shown that a 5-marker haplotype containing PD1.3A is associated with SLE in European Americans using familybased association methods. We also identified haplotypic associations for clinical SLE subphenotypes among Asian Americans, African Americans and Hispanic Americans.
The new haplotypic associations identified herein provide further evidence that PDCD1 is an important gene for expression of SLE. The associations suggest either a true haplotypic effect or alternatively, indicate that another polymorphism within or near PDCD1 may be causal for disease apart from PD1.3A. The fact that haplotype associations are stronger than allele associations and that the haplotype associations vary by ethnic group, suggest there may be additional causal variants that have not yet been identified.
Patients and methods
Patients
For the association studies with SLE and its sub-phenotypes (development of LN, APLA positivity, arthritis and dsDNA antibody positivity), we studied 1036 American SLE patients (from 1011 nuclear families). Four ethnic subgroups were analyzed: European American, Hispanic American, African American and Asian American (Table 4) . Ethnicity was determined based on grandparental countries of origin. Informed consent was obtained from all participants and the study was approved by the institutional review board at the University of California, San Francisco (UCSF). Patients were participants in the UCSF Lupus Genetics Project and were recruited from UCSF Arthritis Clinics and private rheumatology practices in northern California, as well as by nationwide outreach. Study enrollment for SLE patients includes completion of a 10-page questionnaire about her/his family structure and SLE history, review of medical records to document diagnoses and clinical manifestations, and collection of blood or buccal cells for DNA analysis. Medical records are reviewed to verify the presence of APLAs on at least one occasion in the subset of patients with these antibodies, the presence of dsDNA antibodies, and the presence of arthritis diagnosed by a clinician. A diagnosis of LN was made for patients who met the American College of Rheumatology (ACR) criteria for LN 17 or who had evidence of LN by kidney biopsy.
Additional subjects were used in our investigation of haplotypes (see below). Specifically, we studied 16 Mexican trios, 96 Mexican controls and 96 Swedish controls. The Swedish controls were blood donors sampled in Uppsala, Sweden and are of Swedish ancestry for two generations and have been described earlier. 6 Mexican controls were from the general population of Mexico City and may be considered as Mestizos, or admixed between Caucasians and Mexican Indians. 6, 18 SNP selection and genotyping We evaluated 15 SNPs, including 10 that were identified previously by sequencing of DNA samples of patients and controls 6 and five additional SNPs located in intron 1 of the PDCD1 gene, not previously genotyped in multiple individuals (Table 1) . SNPs were genotyped either by sequencing, Dynamic Allele Specific Hybridization (DASH), or Pyrosequencing as described previously 6 or using the TaqMan Allelic Discrimination Assays of ABI as recommended.
Haplotype determination
As the PDCD1 gene is not yet fully represented in public databases such as HapMap, 19 Perlegen 20 or the UCSC Genome Browser (http://genome.ucsc. edu), we determined the haplotype structure of the gene before performing association analyses. Thus, we first genotyped 17 SNPs in 16 Mexican trios. We chose Mexican trios as both European and Amerindian (partly Asian) haplotypes are present in this population. We also genotyped 96 Swedish and 96 Mexican controls for all SNPs to estimate their allele frequencies and confirm haplotype structure (Table 1) .
Two SNPs were excluded owing to poor genotyping performance (assay C_26891641_10, Applied Biosystems, Foster City, CA, USA) or unresolved genotyping errors (assay C_56214_10, rs7603052). Haplotypes were constructed with Haploview 3.2 19 and confirmed using PHASE 2.0 21, 22 and by consistency of transmission in nuclear families. Tag SNPs were identified using the 'Tagger' application of Haploview 3.2.
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Statistical analyses Disease risk association. To study the risk of SLE, the transmission of alleles or haplotypes from parents to affected offspring was analyzed using the FBAT. 23 These analyses were performed both using all families (n ¼ 844) and among ethnic specific strata (European American, Hispanic American, African American and Asian American). One advantage of the FBAT compared with many other transmission disequilibrium tests is that it can include multiple family types, in addition to complete trios. Association with specific SLE phenotypes. To study the risk of each clinical sub-phenotype, we performed a nested case-control study with the SLE patients only (n ¼ 1036 cases from 1011 nuclear families). Initially, univariate analyses were performed to examine the association between the individual PDCD1 alleles and the risk of each clinical sub-phenotype. Further analyses utilized multivariate logistic regression to examine the association among haplotypes and the risk of each clinical phenotype, adjusting for sex, age at diagnosis and disease duration (in years), and stratified by ethnicity. For the allele-level analyses, the major allele was the referent group. For the haplotype-level analyses, the haplotype PD1.1G/PD1.3G/PD1.5C/PD1.6G represented by all major alleles was the referent. The PD1.7 SNP was excluded from these analyses, because it was not genotyped in all samples. All logistic regression analyses were performed using STATA software (College Station, TX, USA). Hardy-Weinberg equilibrium was evaluated with Haploview. 19 Power calculations. Power calculations for family based analyses were performed using the PBAT program. 24 These calculations considered allele frequencies of 5, 10 and 20%, a population prevalence of 0.005. for SLE, a genetic attributable fraction of 0.1 and a significance level of 0.05. Results were not sensitive to variation in the estimated population prevalence between 0.05 and 0.0005.
